Abstract Weedy rice (WR, Oryza sativa L. f. spontanea) is a noxious agricultural weed, infesting rice fields worldwide and causing tremendous yield losses of cultivated rice. However, little is known about the relationship between genetic diversity and distribution of WR populations across a wide latitudinal gradient, in addition to its reasons for genetic differentiation. To determine the distribution of genetic diversity and differentiation, we analyzed 20 WR populations collected from wide geographic ranges of rice-planting regions across Northeast, Jiangsu, and Guangdong provinces of China, and Sri Lanka, based on 20 simple sequence repeat loci. Our results indicated a significant negative correlation (R ¼ 0.84, P < 0.01) between genetic diversity and latitudinal locations of WR populations. The Mantel test (R 2 ¼ 0.49, P < 0.01) showed distinct groupings of WR populations from different rice-planting regions, fitting an isolation-by-distance pattern. In addition, the STRUCTURE analysis and principal coordinates (PCoA) analysis indicated considerable genetic differentiation of WR from different rice-planting regions, which was associated with the types of co-occurring rice cultivars. We conclude, based on the above results, that WR genetic diversity is affected by the latitudes where WR populations are located. The genetic differentiation of WR populations is determined by their spatial distances and co-occurring rice cultivars. Such a pattern of genetic diversity and differentiation across different regions might facilitate the design of effective WR control, in addition to understanding the adaptive evolution of this weed.
Introduction
Genetic diversity is the foundation of species and ecosystem diversity (Smulders et al., 2000; Vellend, 2005; Fridley & Grime, 2010) , although the relative importance of factors that can influence the level of genetic diversity is still not well understood. Many studies have indicated that the world's tropical (low latitude) regions harbor much greater species diversity than the temperate environment (high latitude), even though the number of species on earth has not yet been accurately estimated (MacArthur, 1972; Whittaker, 1977; Gaston, 2000) . Such a pattern of the latitudinal gradients in species richness is among the most universal features of nature, which has been debated for decades (e.g., Fischer, 1960; Rohde, 1992; Kreft & Jetz, 2007) . In fact, the phenomenon of gradual increases in species richness from the polar to tropical regions has been well documented across a diverse array of organismal taxa and environments (Gaston, 2000; Willig et al., 2003) . To explain the reasons for such a pattern of species richness, different authors hypothesized that greater species diversity in tropical environments might be associated with more "effective" evolution of organisms in the tropics, probably as the result of shorter life cycles, faster mutation rates, and stronger selection under warmer conditions (e.g., Fischer, 1960; Rohde, 1992) . However, only a very few studies have been carried out to address genetic richness that is associated with the variation pattern of the latitudinal gradients (Vik et al., 2010) .
Weeds are a unique group of plants that persist in agroecosystems worldwide, causing tremendous problems for sustainable crop production (Dekker, 1997; Buhler, 2002) , in addition to their great social and economic impacts (Sinden et al., 2004) . Commonly, agricultural weeds can compete with their coexisting crops that are under human care, while fighting against diverse weed-control measures by humans and against dramatic changes in human-influenced agricultural environments (Pester et al., 1999; Buhler, 2002) . Weeds can survive and reproduce successfully in agroecosystems by escaping from all natural and human stresses (Buhler, 2002; Reed & Frankham, 2003) . Two major mechanisms have been proposed to explain the success of weeds: phenotypic plasticity and genetic diversity (Dekker, 1997; Reed & Frankham, 2003; Geng et al., 2007) . Usually, phenotypic plasticity usually allows weeds to adapt to extensive ranges of habitats based only on limited genetic variation (Geng et al., 2007; Snellrood, 2010) . In contrast, genetic diversity enables weeds to cope with variable habitats by recruiting different genotypes for the changes (Ellstrand & Schierenbeck, 2000; Reed & Frankham, 2003) . Such unique features of weeds make their control extremely difficult, because a single and uniform measure can hardly be effective (Buhler et al., 2000; Buhler, 2002) . Therefore, understanding the origin and distribution of genetic diversity of weedy species in different environments will be extremely useful for the design of strategies for effective weed control (He et al., 2014) , in addition to increased knowledge on weed evolution.
Weedy rice (Oryza sativa L. f. spontanea) (WR) is a noxious weed that infests rice (O. sativa) fields worldwide (Delouche et al., 2007; He et al., 2014) . Weedy rice can aggressively compete with its cultivated counterpart in the same fields for light, nutrients, and other resources (Delouche et al., 2007; Dai et al., 2014) , causing reduction in grain yield and quality of cultivated rice (Delouche et al., 2007; Rao et al., 2007) . As a typical conspecific weedy taxon, which belongs to the same species as its domesticated counterpart, WR can be substantially influenced by its cultigen through continued allelic introgression with diverse types of cultivars through time (Xia et al., 2011; Jiang et al., 2012; Sun et al., 2013) . Abundant genetic diversity might allow WR to adapt to a broad range of environmental conditions in different rice fields through enhanced competitive ability (Reed & Frankham, 2003; Cao et al., 2006; He et al., 2014) , as well as to escape from farmers' weed control measures (Buhler et al., 2000; Buhler, 2002; Dai et al., 2014) . Despite its abundant genetic diversity, little is known about the distribution pattern of WR's genetic diversity across a latitudinal gradient and the association with co-occurring cultivated rice. Generating such knowledge will be extremely useful for understanding the evolution of WR, in addition to designing control measures for this conspecific weed (Dekker, 1997; He et al., 2014) .
To estimate genetic diversity and its distribution pattern of WR, we analyzed representative populations of this weed and its co-occurring conspecific cultivars collected across a latitudinal gradient from rice-planting regions in Northeast China (NE), Jiangsu (JS), and Guangdong (GD) provinces, and Sri Lanka (SL), using 20 polymorphic simple sequence repeat (SSR) markers as fingerprints. The primary objectives of this study are to address the following questions. (i) Is the distribution pattern of genetic diversity of WR populations associated with their latitudes? (ii) What is the genetic relationship of WR populations with their geographic distribution? (iii) How is genetic differentiation of WR populations associated with its co-occurring cultivars? The answers to these questions will not only help us to understand the evolution of WR in diverse environments, in which it is exposed to strong human influences, but also to design strategies for the effective control of this noxious conspecific weed that considerably influences rice production.
Material and Methods

Plant materials
A total of 20 WR populations were collected from rice fields in different regions with altitudinal variation: NE (including Heilongjiang and Jilin provinces), JS, and GD provinces of China, and SL (Table S1 ; Fig. S1 ). The spatial distances between the sampled WR populations were greater than 5 km in each of the above regions. Approximately 27-32 individuals representing each WR population were randomly sampled from a rice field at the spatial distance intervals of >5 m between individuals to avoid sampling the same or similar genotypes. Mature panicles from a WR plant were collected separately as an independent sample. Seventeen rice varieties cultivated in the same fields or co-occurring varieties with the WR populations were collected as references, in which 10 varieties (five each from NE and JS) were identified as japonica, and seven varieties (two from GD and five from SL) as indica (Table S1 ), based on the method described by Liu et al. (2012) . In addition, 16 commonly cultivated rice varieties with considerable divergence from other rice fields in NE, JS, and GD, including eight indica and eight japonica varieties, were used in analyses (Table S1 ).
2.2 DNA extraction and polymerase chain reaction amplification The total genomic DNA was extracted from weedy and cultivated rice seedlings at approximately the three-leaf stage, following the CTAB protocol of Murray & Thompson (1980) . All rice seedlings were obtained from germinated seeds grown in a growth chamber at 28°C. Twenty primer pairs of SSRs (Table S2 ) that produced polymorphic bands from a set of WR samples were selected from the Gramene Database (http://www.gramene.org) for the polymerase chain reactions (PCR). The forward primers were fluorescently labeled to visualize the PCR products by FAM (blue), ROX (red), or JOE (green) (Jiang et al., 2012; Yang et al., 2014) . Polymerase chain reactions were carried out in a total volume of 10 mL containing 1 mL (20 ng) total genomic DNA as template, 0.2 mL of 10 mmol/L forward and reverse primers, 0.5 U DNA Taq, 0.8 mL of 25 mmol/L dNTP, 1 mL of 1 mmol/L reaction Taq buffer with MgCl 2 , and 6.7 mL ddH 2 O in a 2720 Thermal Cycler (Applied Biosystems, Foster, CA, USA). The PCR products were separated and analyzed on a capillary electrophoresis genotyper (ABI 3130; Applied Biosystems).
2.3 Data score and analyses 2.3.1 Data score The PCR-amplified DNA fragments were scored as genotype data for each WR sample, given the codominant feature of the SSR markers (Jiang et al., 2012; Yang et al., 2014) . The amplified products were coded either as homozygous genotypes with two equally sized fragments or heterozygous genotypes with two different sized fragments, based on their molecular weight (bp) of the internal lane size standard (GeneScan 500 LIZ, Applied Biosystems, Foster City, California, USA). All the genotypic scores were carried out using the software GeneMapper version 4.1 (Applied Biosystems).
Genetic diversity
The genotypic data matrix based on the 20 SSR loci of 621 WR samples representing 20 populations were analyzed to Enhanced genetic diversity with latitude decreasesestimate their genetic diversity. The following parameters were calculated: (i) number of observed alleles per locus (N a ); (ii) number of effective alleles per locus (N e ); (iii) Shannon's information index (I); (iv) observed heterozygosity (H o ); and (v) Nei's unbiased expected heterozygosity (uH e ). The F-statistics (F st , Wright, 1978) were computed to estimate genetic differentiation among WR populations. Analysis of molecular variance (AMOVA) was also carried out to estimate the differentiation by partitioning genetic diversity within and among populations/regions. The statistical analyses were undertaken using the software GenAlEx version 6.5 (Peakall & Smouse, 2012) . To estimate the relationship between the level of genetic diversity and latitudes of WR populations, correlations between the expected heterozygosity (uH e ) of the WR populations and the number of latitudes of the WR populations were analyzed using the linear regression model installed in SPSS software version 19.0.0 (http://www.spss.com/).
Genetic structure
The genetic structure of WR populations from the NE, JS, GD, and SL regions and the cultivated rice group were analyzed using the Bayesian clustering algorithm-based program STRUCTURE version 2.3.4 (Pritchard et al., 2000) . The SSR genotypic data matrix was analyzed using the program when the running parameters were set as an initial burn-in run of 100 000, followed by a run length of 200 000. In addition, the admixture model was selected to analyze the genetic structure and components based on the correlated allele frequencies (Falush et al., 2003) . Subpopulation numbers (K) from 2 to 9 were tested with 10 iterations for each value of K (Fig. S2 ). The method introduced by Evanno et al. (2005) was used to determine the appropriate estimated numbers of genetic components (K values) by the STRUCTURE HARVESTER online program. The software CLUMPP version 1.1.2 was used to determine the optimal alignments of the 10 replicates with the "FullSearch" algorithm (Jakobsson & Rosenberg, 2007) . The alignment results were visualized using the software Distruct version 1.1 (https://web.stanford.edu/group/rosenberglab/ distructDownload.html).
Genetic differentiation and relationship
Principal coordinates analysis (PCoA) was also undertaken to estimate the genetic differentiation (dissimilarity) of WR individuals, particularly that within the three rice-planting regions, in association with the co-occurring indica and japonica cultivated (CV) rice cultivars. The scatter plot was generated based on the coefficients of the first three principal coordinates to visualize the relationships of the WR individuals and CV rice cultivars. In addition, the Mantel test (1000 iterations) was carried out to examine the correlation between genetic and spatial distances of the WR populations within a rice-planting region and among different rice-planting regions, using the software GenAlEx version 6.5 (Peakall & Smouse, 2012) .
Results
Increased genetic diversity of WR populations with decrease in latitude
Our results showed relatively abundant genetic diversity (uH e ¼ 0.44-0.61) in WR populations collected from different rice-planting regions, based on the 20 randomly selected SSR loci as fingerprints. In addition, there was an obvious spatial distribution pattern of genetic diversity, which indicates a substantial increase in genetic diversity of WR populations with the decrease in latitude (Table 1 ; Fig. 1 ).
Weedy rice populations collected from NE with the highest latitudes showed the lowest level of overall genetic diversity (uH e ¼ 0.44), followed by populations collected from JS and GD with intermediate levels of overall genetic diversity (uH e ¼ 0.55-0.58). However, WR populations from SL with the lowest latitudes showed the highest level of overall genetic diversity (uH e ¼ 0.61). The correlation analysis indicated a significant negative correlation (R ¼ 0.84, P < 0.01) between the levels of genetic diversity, as represented by the unbiased expected heterozygosity (uH e ), for all WR populations and the latitudes of these WR populations (Fig. 1) . In addition, the AMOVA showed a relatively high level of withinpopulation genetic diversity (48%) for the self-pollinating WR (Table 2 ), suggesting a relatively high level of crop-to-weed gene flow, which allows novel traits from diverse rice varieties to accumulate in WR populations.
Relationships between genetic and spatial distances of WR populations
Our results indicated considerable genetic differentiation of WR populations from different rice-planting regions (Table 1 , F st ¼ 0.18-0.31) with an overall F st value of approximately 0.50 for all WR populations included in this study. In addition, the Mantel test showed a significant correlation (R 2 ¼ 0.49, P < 0.01) between genetic and spatial distances of WR populations from the four rice-planting regions, suggesting a considerable isolation-by-distance pattern of the WR distribution across different rice-planting regions. However, the Mantel test did not show strong correlations between genetic and spatial distances of WR populations within the same rice-planting regions (i.e., NE, R 2 ¼ 0.10, P < 0.01; JS, R 2 ¼ 0.11, P < 0.01; GD, R 2 ¼ 0.07, P < 0.01; and SL, R 2 ¼ 0.03, P < 0.01). These results suggested a weak isolation-bydistance pattern among WR populations within a rice-planting region, possibly caused by a relatively high degree of gene flow.
Genetic differentiation of WR populations affected by cultivars
Our results based on the STRUCTURE analysis and PCoA indicated distinct genetic components and relationships of WR populations except for those in the JS and GD groups, which was associated with geographical distribution in different riceplanting regions and with different types (indica and japonica) of co-occurring/commonly CV rice cultivars (Figs. 2, 3) .
Outputs of the STRUCTURE analysis are presented based on the appropriate common ancestry value (K ¼ 3) and the next value (K ¼ 4) from the likelihood scores (Fig. S2) , because of the underestimate of the components by STRUCTURE HARVESTER. The two outputs (K ¼ 3 and 4) showed similar genetic components of WR populations associated with their geographical locations. Distinct genetic components were observed between rice cultivars from China with great variation and SL with extremely low variation (Fig. 2) . The STRUCTURE generated from the analysis using the K value as 4 displayed more detailed and reasonable information (Fig. 2) .
In the STRUCTURE where the K value was determined as 4, the first genetic component (indicated by red color) was represented by WR populations from NE (Fig. 2, left panel) . The second and third genetic components (green and yellow) were represented by WR populations from JS and GD, where substantial numbers of samples showed an admixture of Changzhou, JS; GD-NT, Nantian, GD; GD-XB, Xibian, GD; GD-LG, Leigao, GD; GD-DC, Dongcun, GD; GD-HJ, Hejia, GD; SL-An, Madawachchiya, Anuradhapura, SL; SL-Po, Nawanagaraya, Polonnaruwcca, SL; SL-Am1, Malwatta, Ampara, SL; SL-Am2, Lahugala, Ampara, SL; SL-Ma, Akurugoda, Matara, SL. Ã F st , genetic differentiation among populations; Ho, observed heterozygosity; I, Shannon's information index; Na, number of observed alleles; Ne, number of effective alleles; uHe, Nei's unbiased expected heterozygosity (Nei, 1978) . Fig. 1 . Negative correlation between genetic diversity as represented by Nei's (1978) unbiased expected heterozygosity (uH e ) and latitudes for 20 weedy rice populations collected from rice-planting regions across Northeast China (46.86°N) and Sri Lanka (6.03°N). Enhanced genetic diversity with latitude decreasesgenetic components (Fig. 2, middle panel) . The fourth genetic component (blue) was represented by WR populations from SL (Fig. 2, right panel) . Interestingly, WR populations and their co-occurring rice cultivars shared different degrees of genetic components, particularly the SL WR populations that shared nearly the same genetic components from rice cultivars (indica type, Fig. 2 ). The shared genetic components by WR populations and co-occurring cultivars in SL suggested their close relationship. A scatter plot based on the PCoA analysis of all WR individuals and co-occurring/commonly cultivated rice cultivars from different rice-planting regions (NE, JS, GD, and SL) indicated considerable genetic differentiation. All WR individuals were roughly scattered into four distinct groups based on the first three principal coordinates, although there were considerable overlaps between the JS and GD groups (Fig. 3) . In addition, WR individuals from JS formed a relatively scattered group, suggesting their considerable genetic differentiation compared with those from other regions. Genetic variation of the SL WR group was relatively low compared with WR groups in China. Notably, WR individuals in the SL group were closely associated with their co-occurring rice cultivars in the scatter plot, suggesting limited genetic differentiation between WR and CV rice groups from this country. However, CV rice from China was clustered in a cohesive group in general, but was only associated closely with a small portion of WR individuals from the JS and GD regions, suggesting substantial genetic differentiation of Chinese WR populations.
Discussion
Our results revealed abundant genetic diversity of WR populations collected across the northern and southern rice-planting regions, from the NE (including Heilongjiang and Jilin), JS, and GD provinces of China, and SL, based on 20 randomly selected SSR markers evenly distributed on rice chromosomes. Apparently, genetic diversity of WR populations estimated in this study is not evenly distributed across the rice-planting regions where WR populations were collected. Instead, the linear regression analysis indicated a significant negative correlation between the levels of genetic diversity (represented by Nei's (1978) unbiased expected heterozygosity, uH e ) and the latitudes of the collecting sites for these WR populations. This finding has addressed our first hypothesis that the distribution pattern of WR genetic diversity is associated with latitudinal variation of the collecting sites for these WR populations. In other words, more abundant genetic diversity is represented by WR populations occurring at the lower latitudes, such as in SL, and vice versa. Such a pattern further suggests that the latitudinal gradient of WR distribution can influence the richness of WR genetic diversity, which might also be true for other agricultural weeds or plant species (Vik et al., 2010) . Our finding has opened a new dimension for the future study of wide-spread WR regarding its genetic diversity versus latitudinal distribution.
There are a few possible reasons to explain such a pattern for WR populations, in which greater genetic diversity is observed at the low latitudes than that at the high latitudes. First, more abundant genetic diversity of WR populations in rice-planting regions at the low latitudes is most likely due to more total generations or life cycles of WR populations in tropical paddy fields, such as in SL and southern China (e.g., GD province), where two or even three seasons of rice cultivation are practiced (Salam & Subramanian, 1989; Vadiveloo & Phang, 1996; Delouche et al., 2007) . The more generations of WR populations to grow in paddy fields allow the accumulation of greater genetic variation during reproduction processes through time, as proposed for the general patterns of biodiversity by Fischer (1960) and Rohde (1992) . Second, more generations of WR to grow in tropical paddy fields allow much more genetic introgression from different rice cultivars to enrich genetic diversity, compared with those in temperate paddy fields (Xia et al., 2011; Jiang et al., 2012) . Third, exposure to higher temperatures in the tropical rice-planting regions might encourage greater opportunities for genetic variation among WR populations, such as mutations or genetic recombination (Fischer, 1960; Rohde, 1992) . Finally, the sites of origin and evolution history associated with the temperature environments for various WR populations might also contribute to diversification in their genetic diversity. However, there might be other factors, such as dramatic changes of climate conditions (Brochmann et al., 2013) , that determine the abundance of genetic diversity for WR, as a common agricultural weed. All these hypotheses should be tested through further studies.
The results from the Mantel test suggest that geographical distribution has played an important role in forming such genetic relationships in WR populations across the geographic regions, although the role of cultivated rice could also be critical in the observed genetic affinity (Xia et al., 2011; He et al., 2014) . In addition, considerable genetic differentiation of WR populations, as indicated by the total F st ($0.50) and results of AMOVA ($52% variation among populations) detected in this study, was also reported by other WR studies (e.g., Cao et al., 2006; Xia et al., 2011; He et al., 2014) . These results suggested considerable among-populations genetic variation of WR as a self-pollination taxon, likely due to concurrent gene flow from diverse co-occurring rice cultivars in different fields.
The STRUCTURE analysis indicated the distinct genetic components of WR populations from each of the rice-planting regions, particularly for WR populations from SL, in which a unique genetic component, independent of all Chinese WR populations, was observed, regardless of whether the K value was determined as 3 or 4. The Chinese WR populations also showed different genetic components with only a relatively low proportion of shared components between the NE and southern (JS and GD) regions, suggesting a variable degree of genetic affinity among Chinese WR. Furthermore, WR populations from JS and GD provinces shared considerable genetic components, which indicates a close genetic relationship between WR populations from the two regions. Noticeably, an extremely low admixture was detected in the genetic structure of WR populations from SL and NE China, suggesting inadequate pollen-mediated gene flow among genetically differentiated individuals, either between WR populations/individuals, or between individuals of weedy and cultivated rice. This result supports our previous finding that seed-mediated gene flow maintains the genetic diversity of SL WR populations (He et al., 2014) . In addition, introgression of rice cultivars with the similar genotypes to WR by pollen-mediated gene flow will also form low levels of admixture in WR populations, such as the cases in SL and NE China. In contrast, a substantial proportion of admixture characterized the genetic structure of the WR populations from JS province, in which multiple genetic components were detected in some populations. This result supports the multiple origins of the WR populations in JS province, most likely through introgression from cultivated rice (Xia et al., 2011; Sun et al., 2013) , as well as dedomestication as suggested by Li et al. (2017) and Qiu et al. (2017) . The gradual transition from the traditional way of growing indica types of rice cultivars to the current cultivation of japonica types of cultivars over the past several decades (Nai et al., 2012; Song et al., 2017) might have promoted the change in the genetic diversity and structural patterns of WR in the JS region. Previous studies also documented such a change from the indica to japonica type of WR plants (Song et al., 2015) , and increased single nucleotide polymorphisms in WR populations in JS province (Song et al., 2017) . Furthermore, hybrid rice varieties are commonly grown in JS and GD provinces, which might also increase the heterogeneity (admixture) of WR if there exists recurrent crop-to-weed gene flow. All these results indicate that not only geographical distribution, but also the shift of rice cultivars (from indica to japonica) can influence genetic diversity and the structure of WR populations across the given rice-planting regions.
The scatter plot based on the PCoA analysis of all rice samples included in this study showed substantially greater genetic differentiation of WR individuals than rice cultivars. Again, WR individuals from the same rice-planting regions appear to be included in the same groups, distinct from each other, except for individuals from GD and JS provinces that are grouped somewhat together. The WR individuals from SL and GD province are relatively closely associated with indica rice Enhanced genetic diversity with latitude decreasescultivars, whereas those from NE China are closely associated with japonica rice cultivars. These results suggest that the observed genetic differentiation pattern of WR individuals or populations might also be influenced by their co-occurring rice cultivars (e.g., indica and japonica), supporting the previous proposal of indica-japonica differentiation of WR populations (Liu et al., 2012; Song et al., 2015) . Noticeably, most WR samples from JS province are genetically linked with indica rice cultivars, whereas some of the JS WR samples are associated with japonica rice cultivars. In other words, WR individuals from the JS province showed transitional genetic characteristics between those from the GD (indica) and NE (japonica) rice-planting regions, suggesting evident indica-japonica differentiation of WR populations in JS, most likely influenced by crop-weed gene flow and introgression with different types of rice cultivars (Xia et al., 2011) . The shift from indica to japonica rice cultivars in JS for the last several decades (Nai et al., 2012; Song et al., 2017) strongly supports this hypothesis. In addition, the close genetic relationship between SL WR and cultivated rice is probably due to the relatively few rice varieties with a similar genetic background to WR in this country (Xu et al., 2012) . This is different from rice farming in China, where changes of rice varieties, even from indica to japonica varieties, are frequently taking place in many rice-planting regions, particularly in JS province (Nai et al., 2012; Song et al., 2017) . We therefore conclude that both geographical distribution and cultivar types have significantly influenced genetic differentiation of WR populations across the rice-planting regions included in this study. Clearly, introgression with diverse and consistently released new rice varieties can shape genetic diversity and differentiation of WR through time in a given rice-planting region.
The control of WR is always problematic in paddy fields because of its abundant genetic diversity that promotes this weed to adapt to a wide range of environmental conditions (Reed & Frankham, 2003; Cao et al., 2006; He et al., 2014) . Many measures have been adopted for WR management, including manual weeding, chemical control, and the use of herbicidetolerant rice varieties (Rao et al., 2007; Merotto et al., 2016) . Results from previous publications and this study indicated generally abundant genetic diversity and obvious differentiation of WR populations from different rice-planting regions in the world (Qiu et al., 2014; Song et al., 2015) , most likely attributed to frequent and recurrent crop-to-weed gene flow and introgression, involving diverse types of rice cultivars. This is particularly relevant to WR that infests tropical rice fields where two to three seasons of rice cultivation are practiced, which promotes genetic diversity of this weed. The knowledge of genetic diversity in WR populations from a particular riceplanting region is important for the design of effective WR management strategies (Cao et al., 2006; He et al., 2014) . We therefore propose to apply diverse methods, for example, combining crop rotation, mechanical weeding, and different types of chemicals, to control WR with abundant genetic diversity in rice-planting regions, like the tropics. For example, several authors reported that weedy (red) rice populations with diverse genotypes showed different competitiveness and reactions to herbicides (Shivrain et al., 2010; Dai et al., 2014) . In addition, new biotechnologies such as silencing the seed shattering gene or other "transgene mitigators" (Gressel & Valverde, 2009; Yan et al., 2017) can also be applied to reduce WR populations to a threshold level for ensuring sustainable rice production. Fig. S2 . DeltaK value of each K (2-9) was used to determine the appropriate estimated numbers of the genetic components (K values) by the STRUCTURE HARVESTER online program. True number of populations (K) is often identified using the maximal value of DeltaK (Evanno et al., 2005) . Table S1 . Location of 20 weedy rice populations collected from Heilongjiang (HLJ), Jilin (JL), Jiangsu (JS), and Guangdong (GD) provinces of China, and Sri Lanka (SL). Table S2 . Location (on chromosome, Chr.) and sequences of simple sequence repeat (SSR) primer pairs used in this study.
